Objective-To study the effects of long term (one year), long distance (up to 40 km/day) running on the metabolism of articular cartilage the biosynthesis ofproteoglycans was examined by in vitro labelling of anterior (weight bearing) and posterior (less weight bearing) areas ofthe femoral head from young beagles. Methods-Total sulphate incorporation rates were determined and distribution of the incorporated sulphate was localised by quantitative autoradiography. Concentration and extractability of the proteoglycans were determined, and proteoglycan structures were investigated by gel filtration chromatography, agarose gel electrophoresis, and chemical determinations.
with an increased concentration of residual glycosaminoglycans in the tissue after 4 M GuCl extraction (p-0 05). In control animals proteoglycan synthesis was most active in the deep zone of the cartilage, whereas exercise increased synthesis in the intermediate zone Conclusion-The articular cartilage of the femoral head showed a great capacity to adapt to the increased mechanical loading. The reduced proteoglycan extractability in the less weight bearing area changed it similar to the weight bearing area, suggesting that the low extractability of proteoglycans reflects the long term loading history of articular cartilage. The congruency of the femoral head with acetabulum seems to protect the cartilage from the untoward alterations that occur in the femoral condyles subjected to a similar running programme.
(Ann Rheum Dis 1993; 52: 369-377)
The continuous wellbeing of articular cartilage is vital for the joint as it is almost totally unable to recover from trauma. Weight bearing has been shown to be important for the maintenance of normal articular cartilage, because amputation of the leg below the knee (allowing free movement of the joint) could not maintain normal composition of the cartilage.' Physical training has often been considered to have beneficial effects on the properties of articular cartilage, although catabolic responses to heavy exercise have also been reported.2 3 An atrophied cartilage was not able to recover if running exercise was started immediately after immobilisation. 4 Loading of an instable joint causes severe changes in the structure and function of articular cartilage. 5 Cutting of the anterior cruciate ligament or meniscectomy"9 leads to the appearance of osteoarthritic lesions. It has been suggested that the onset of osteoarthritis is related to increased turnover of proteoglycans.' Besides erosion and fibrillation in the tibial joints, meniscectomy causes enhanced extractability of proteoglycans in the femoral head, which was thought to be due to the deficiency of hyaluronan in the tissue.'0
In our earlier experiments with animal models we have studied the role of immobilisation, remobilisation, and running exercise on the health and maintenance of normal articular cartilage." These studies showed that the effects of immobilisation varied in different articular areas. In general, immobilisation leads to a remarkable local loss of proteoglycans from the matrix. Remobilisation caused the concentrations to revert to normal but not in all of the joint surfaces.'2 13 On the other hand, moderate running (4 km/day) increased proteoglycan content and enhanced the biomechanical properties of the cartilage. 14 15 These changes, regarded as positive, were partially lost in another running experiment (20 km/day), apparently owing to the higher degree of local strain and weight bearing. '6 Whether a long distance running exercise (40 km/day, 15 weeks) affects the rate of proteoglycan synthesis was studied here in the canine femoral head. The incorporation rate of sulphate into articular cartilage was measured by in vitro labelling. The distribution of synthesis within the tissue was assessed by quantitative autoradiography. The specimen was divided into a weight bearing (anterior part) and a less weight bearing (posterior part) area to study possible differences due to weight bearing. The structure of the proteoglycan molecules was further characterised by biochemical analyses. The dogs started the running exercise at the age of 15 weeks on a treadmill adjusted to 15°u phill inclination. The daily running distance was increased gradually, so that at the age of 55 weeks it was 40 km/day at a speed of 6 km/h (fig 1) . The animals were killed at the age of 70 weeks. SAMPLE 
PREPARATION
The dogs were killed with an overdose of barbiturate and the femoral head was dissected free of muscles with special care taken not to wound the cartilage surface. A dentist's drill equipped with two cutting discs and a 1 mm spacer was used to produce three cartilage slices. The slices were divided into anterior (weight bearing) and posterior (less weight bearing) sectors by sawing a cutting line horizontally at the superior part of the joint. The sampling method was chosen based on reported results of the directions of measured maximum hip joint forces in dogs with instrumented endoprosthesis.17 The cited reference showed that the main loads acted at medioventral directions. The samples were removed from the femoral head, placed into culture dishes filled with ice cold Eagle's medium (EMEM, Flow Laboratories, Irvine, Scotland), supplemented with Earle's salts and antibiotics (100 U/ml penicillin, 100 ,ug/ml streptomycin), and transported to the tissue culture laboratory on an ice bath. and ending in the deep zone were captured and quantified. For each animal, six sections were analysed.
MEASUREMENT OF SULPHATE INCORPORATION
Incorporation rates were estimated from proteinase K (type XXVIII, Sigma, St Louis, MO) digests of cartilage. Tissue pieces were digested for 17 hours at 60°C by 0 05% proteinase K in 0 1 M phosphate buffer (pH 7 4), 10 mM EDTA included. Aliquots of digests were eluted through Sephadex G-25 gel filtration columns (PD-10, Pharmacia, Uppsala, Sweden) to remove unincorporated sulphate precursor and radioactivity was measured by liquid scintillation (LKB, Bromma, Sweden) in duplicate aliquots from PD-10 eluates and from medium samples dissolved in a water soluble scintillation cocktail (OptiPhase, Pharmacia, Turku, Finland).
SULPHATE INCORPORATION INTO KERATAN SULPHATE
The sulphate incorporation into keratan sulphate was estimated by gel chromatographic separation of glycosaminoglycan chains and disaccharides produced after specific cleavage of chondroitin sulphate by chondroitinase ABC. Proteinase K digested samples, separately pooled in each group, were transferred into deionised water by PD-10 desalting columns and reduced with alkaline borohydride (1 M NaBH4 in 0 05 M NaOH for 17 hours at 45°C). The samples were neutralised, lyophilised, and digested for six hours by chondroitinase ABC (Seikakagu Co, Tokyo, Japan) in 0G1 M TRIS-acetate, pH 8-0. The enzyme was heat denatured, the samples were chromatographed on a Sephacryl S-300 column (0 5X20 cm, eluted with 0G1 M sodium phosphate, pH 7 0, 0 5% CHAPS, 0-15 M NaCl, and 10 mM Na2SO4) and the fractions were analysed by liquid scintillation and Safranin 0 to determine the radioactivity in the macromolecular keratan sulphate and disaccharides produced from chondroitin sulphate.
EXTRACTION OF PROTEOGLYCANS
Cartilage was sliced into small pieces and proteoglycans were extracted with 4 M GuCl (Fluka, Buchs, Switzerland) in 50 mM sodium acetate, pH 5-8, including the bacterial growth and protease inhibitors: 10 mM disodium EDTA (Sigma), 100 mM E-amino-n-caproic acid (Sigma), 5 mM benzamidine HCI (Sigma), and 0-02% sodium azide (w/v; Merck, Darmstadt, Germany). Extraction was continued for 60 hours.
The non-extractable fraction was digested by 0-05% proteinase K as described and transferred into deionised water by a desalting column and the residual uronic acid content was measured. The samples in each group were pooled and the relative glycosaminoglycan chain lengths were estimated by Sephacryl S-300 gel chromatography after keratanase and chondroitinase ABC digestions as described later.
SODIUM DODECYL SULPHATE (SDS) AGAROSE GEL ELECTROPHORESIS OF THE PROTEOGLYCANS
Extracted proteoglycans were transferred into associative conditions by PD-10 gel chromatography (50 mM sodium acetate, pH 5 Aliquots of the pools of proteoglycans (100 ,ug glycosaminoglycan) were transferred into 0 05 M Na2PO3, pH 7-0, including 0-15 M NaCl, 0 5% CHAPS, 10 mM Na2SO4 and protease inhibitors by a PD-10 column, and incubated with 2% hyaluronan (w/w of total uronic acid, Healon, Pharmacia) overnight at 4°C. Triplicate Sephacryl S-1000 chromatography (1 cmX30 cm column) was performed for each sample to estimate the proportion of proteoglycans able to reaggregate with hyaluronan. The flow rate was 20 ml/hour and fractions (500 ptl) were analysed for proteoglycans and radioactivity.
RELATIVE GLYCOSAMINOGLYCAN CHAIN LENGTHS
The relative chain lengths of glycosaminoglycans remaining after keratanase and chondroitinase ABC treatments were compared by Sephacryl S-300 gel chromatography. Residual and GuCl extracted glycosaminoglycans were studied separately. The extracts and proteinase K digested residues were desalted, lyophilised, and reduced by borohydride as described earlier. Specific enzyme digestions were then performed after another desalting and lyophilisation. A Sephacryl S-300 gel column (1X30 cm) was eluted with 01 M Naphosphate, pH 7 0, 0/5% CHAPS, 0-15 M NaCl, and 10 mM Na2SO4. 
Results
No difference in the body weights was found between control (mean 9 9 (SD 1-0) kg) and experimental groups (9*7 (1*1) kg), although food consumption of the runners was 50% higher than that of controls. The running itself was considered aerobic as the pulse rate of the runners did not exceed 130 beats/min.25
The articular surface of the femoral head was checked for the quality and possible damage caused by the running exercise. No macroscopic injury, osteophytes, or fibrillation could be seen in any of the animals. Concentration of DNA varied a lot in individual specimens (table 1) , as noted earlier,26 but the mean values were similar in every group.
The rate of sulphate incorporation (pmol/mg wet weight/hour) was a little higher in the weight bearing area (fig 2) , but only slight differences (not statistically significant) were noticed between groups. The rates were in good agreement with those obtained earlier in canine knee joints.8 Uronic acid concentrations were similar to those reported previously.27 Statistically significant changes were found in the posterior area of the femoral head (less weight bearing, table 1). A loss of extractable proteoglycans in the runner group (p<0.02) was compensated for by an increase in proteoglycans resistant to extraction (p<0 05). A statistically significant decrease in the extraction percentage was noted in the less weight bearing area also (pz,005). Running apparently raised non-extractable proteoglycans in the less weight bearing area close to that of the weight bearing area.
Quantitative autoradiography was used to obtain the distribution profile of newly proteoglycans, especially in the less weight bearing samples ( % PG-Is 73-1 (7 3) 74 0 ( 7 7) 75-1 (8 0) 75-7 (7-0)
In each group, all samples (n=10) were run in agarose gels, stained with toluidine blue and autoradiography films were exposed to the gels. The definition of PG-I is explained in fig 4. remained much the same as the control.
Keratan sulphate chains were heterogeneous in control animals, but changed into a more homogeneous population after the running exercise. Residual glycosaminoglycans of both groups were similar in their elution profiles. The adaptation of the femoral head articular cartilage of young beagles to long distance running was remarkably good as only minor biochemical changes were found in the structure and metabolism of the proteoglycans of the extracellular matrix after one year of training with the final daily running distance of 40 km with 150 uphill inclination. These findings are by contrast with an earlier report by Vasan that showed fibrillation and wear of the canine femoral head after six to eight miles (9-6-12 8 km) of daily running for eight months (one hour a day) with 200 uphill inclination.3 A different running programme (faster speed and steeper inclination of the treadmill) possibly explains the severe degenerative alterations produced in his experiment.3 The breed and especially the age of the dogs (not reported by Vasan) may also significantly affect the response of cartilage to exercise.
The chemical composition and tensile properties vary according to depth29-3' and topographical site of the articular cartilage. 26 32-34 On the other hand, concentration of collagen seems to be relatively constant at different depths of the cartilage. 35 The tensile stiffness of cartilage correlates well with the hydroxyproline: hexosamine ratio.36 Indentation tests have indicated that the highest compressive stiffness in the femoral head of humans resides in a region complementary to the loaded area of acetabulum,37 whereas in quadruped animals weight bearing is focused more to the anterior part of the caput.Y8 Different responses in proteoglycan content after the running were apparent in the less weight bearing and weight bearing areas. Running increased the amount of GuCl resistant glycosaminoglycans particularly in the less weight bearing tissue. A similar increase of GuCl resistant glycosaminoglycans was reported in rabbits after both physical exercise and increased weight bearing,39-4' whereas decreased weight bearing in a splinted leg clearly reduced non-extractable glycosaminoglycans. 4 
